Antisense synthetic oligodeoxynucleotides (ODN) are predicted to be a useful tool for gene therapy. ODN-mediated gene silencing has various advantages, such as technical simplicity, high stability and temporal effects. The antisense strategy using ODN has already been applied to the suppression of specific genes for growth of tumor and virus replication. [1] [2] [3] [4] [5] [6] [7] [8] [9] However, it is difficult to deliver the ODN to a target site, since it is susceptible to nucleases and penetrates the cell membrane with difficulty. 10) Semple et al. constructed a liposomal carrier for ODN, which they referred to as stabilized antisense-lipid particles (SALP) 11) for protection from nucleases and efficient cellular uptake. Their method is efficient for the encapsulation of ODN into liposomes by electrostatic interactions of negatively charged free ODN with pH-sensitive cationic lipids. However, the SALP method is impractical, because the time required for preparation is lengthy and the encapsulation efficiency is low. Furthermore, SALP can not control the release of ODN from SALP in the cytoplasmic space.
evaporation of a chloroform solution of 625 nmol lipids (EPC/CHEMS/DSPE-PEG2000/Rhodamine-DOPEϭ8 : 1 : 1 : 0.1 (molar ratio)), on the bottom of a glass tube, followed by incubation for 10 min to hydrate the lipids. The glass tube was sonicated to produce ODN-ENP by coating the COP with lipids for about 15 s in a bath-type sonicator (85 W, Aiwa Co., Tokyo, Japan). ODN-ENP was then subjected to sucrose density gradient ultra-centrifugation. 5) A suspension of the ODN-ENP was layered on a discontinuous sucrose density gradient (0 to 60%), and centrifuged at 160000ϫg for 2 h at 20°C. A 1 ml aliquot was collected from the top and the fluorescence intensities of fluorescein and rhodamine were measured. The hydrodynamic diameter was measured by a quasi-elastic light scattering method and the zeta-potential was analyzed electrophoretically by means of an electrophoretic light scattering spectrophotometer (ELS-8000, Otsuka electronics, Japan).
Packaging of Free ODN by SALP Method and Freeze-Thaw Method
SALP Method Free ODN was packaged according to the preparation method of SALP. 11) The carrier was prepared using 13 mmol of lipids (DSPC/CH/DODAP/DSPE-PEG2000/DSPE-PEG2000-maleimideϭ25 : 45 : 20 : 8 : 2 (molar ratio)) and 200 mg of ODN (ACG 16) containing the labeled ODN by an EtOH injection method. Sizing of carrier was achieved by extrusion. 11) Unencapuslated ODN were removed by size-exclusion chromatography.
Freeze-Thaw Method Free ODN was packaged according to encapsulation procedure of plasmid DNA with cationic lipids based on the freeze-thaw method. 15) The carrier was constructed using 20 mmol lipids (POPC/ DDAB/DSPE-PEG 2000/DSPE-PEG 2000-maleimideϭ94 : 2 : 3 : 1 (molar ratio)) and 100 mg of ODN (ACG 16) by the freeze-thaw method. Sizing of carrier was achieved by extrusion. 15) The ODN absorbed to the surface of the liposomes and unencapsulated ODN were removed by size-exclusion chromatography after digestion with nuclease.
Calculation of Recovery Ratio of ODN and Lipid, and Encapsulation Efficiency
The recovery of the lipids was determined by measuring phosphatidylcholine (PC) including EPC, DSPC, POPC with a PC C-test wako kit (Wako, Japan). ODN concentrations were determined by measuring the fluorescence intensity of the labeled ODN (excitation at 494 nm and emission at 518 nm) after treatment with 1% Tri-tonX-100. The recovery ratio of ODN and lipid were calculated as the recovered ODN and lipid divided by the applied ones, multiplied by 100. Encapsulation efficiency was calculated as the final ODN to lipid ratio divided by the initial ODN to lipid ratio, multiplied by 100. 11) Constructions of each carrier were operated two times respectively. Each value shown in Fig. 4 is represented by the mean (nϭ2).
RESULTS AND DISCUSSION

Construction of ODN-ENP
It is desirable to condense ODN with a polycation in order to enhance encapsulation efficiency and to control the intracellular release of ODN from the polycation. The condensation of ODN is an important step, because the size and charge of the condensed ODN particles (COP) are critical factors in the construction of ODN-ENP by the lipid hydration method ( Fig. 1A ). We therefore examined the effect of the ratio of polycation to ODN on hydrodynamic diameter and the zeta potential of COP and determined the conditions for ODN condensation for producing small and positively charged particles. We chose stearylated octaarginine (STR-R8) as a polycation, because STR-R8 is a good condenser of plasmid DNA. 16) As shown in Fig. 2 , when the ODN was added to the STR-R8 solution, the diameter of the condensed particles was approximately 50 nm until the N/P ratio reach 1.6. Aggregation was observed at an N/P ratio of between 1.0 and 1.6. The diameter was approximately 100 nm for N/P ratios lower than 1.0. In the region of N/P above 1.6, the zeta potential was positive (20-7 mV), but became negative at N/P ratios below 1.0. This suggests 1940 Vol. 28, No. 10 that aggregation was caused by the elestrostatic neutralization of ODN and STR-R8. Based on these results, condensed ODN particles (COP), which are small and positively charged, were prepared at an N/P ratio of 2.4. A suspension of COP was next added to the lipid film containing the negatively charged lipid CHEMS, followed by incubation to hydrate the lipid and to induce electrostatic binding. The COP was then packaged in a lipid bilayer by sonication. The lipidcoated particle is referred to as an ODN-encapsulated nano particle (ODN-ENP). The diameter of the ODN-ENP was larger than COP, and the zeta potential of the COP became opposite as the result of the packaging ( Table 1 ). As shown in Fig. 3 , after the ODN-ENP was purified by sucrose density gradient centrifugation of the sonicated sample, ODN and lipid were observed in the same fraction (# 9). Furthermore, solubilization of the fraction increased the fluorescence intensity of fluorescein by about 12-fold (data not shown), clearly indicative of fluorescence resonance energy transfer between fluorescein-labeled ODN and the rhodamine-labeled lipid. This indicates that the positively charged COP was coated with a negatively charged lipid bilayer.
Comparison of ODN-ENP with Other Carriers
We compared the efficiencies of ODN encapsulation, ODN recovery and lipid recovery among ODN-ENP and other, previously reported packaging methods. 11, 15) In the SALP method, free ODN were encapsulated into liposomes by electrostatic interaction with the pH-sensitive cationic lipid DODAP in the presence of 40% of ethanol at acidic condition (pH 4.0) (Fig. 1B) . The special feature of this method is the removal of free ODN bound to the surface of liposomes by reducing the cationic charge at neutral pH. The diameter of the carrier prepared by the SALP method was 188 nm, slightly larger than that for the ODN-ENP.
On the other hand, the Freeze-Thaw method is a conventional encapsulating method for free plasmid DNA 15) (Fig.   1C ). In the Freeze-Thaw method, free ODN is encapsulated by the freezing and thawing of the mixture of free ODN and cationic liposomes. The prepared carrier had a very small diameter (96 nm) and a slight positive charge ( Table 1) .
The calculated encapsulation efficiency of ODN-ENP was 380%, due to the fact that ODN-ENP significantly enhances the encapsulation efficiency of ODN by lipid by forming condensed ODN particles. The encapsulation efficiency of ODN-ENP was much higher than those for other methods such as the SALP method and the Freeze-Thaw method (Fig.  4 ). This indicates that ODN were concentrated by about 4 times in ODN-ENP. Furthermore, the ODN-ENP showed the highest percentage recovery of ODN (44%) of the three carriers ( Fig. 4) . However, the lipid recovery percentage values were similar. In addition, the time required for the preparation of ODN-ENP was significantly less than for both the SALP and Freeze-Thaw methods (Table 1) . This, therefore, suggests that the method described here is the most efficient for the encapsulation of ODN into liposomes among the three methods. The condensation of ODN by polycation is responsible for the high packaging efficiencies of ODN, because the condensation of ODN was almost 100% and the lipid coating involved electrostatic interactions between the lipid bilayer and the condensed particle surface. Moreover, the condensed core structure has further advantages, i.e., the condensed ODN can be released into the cytosol, a process that can be controlled by optimizing the decondensation of ODN with optimized polycations.
In conclusion, we report on the successful development of an efficient and simple method for packaging ODN as the ODN-ENP. The ODN-ENP showed significantly higher efficiencies of encapsulation and recoveries of ODN than other encapsulating methods for free ODN. Therefore, the ODN-ENP are capable of serving as useful carriers for the efficient delivery of ODN by introducing various functional devices. In the future, we would introduce ODN-ENP to Tf and GALA system, 17, 18) which delivers an encapsulated drug to cytosol efficiency, to construct practical application for cytoplasmic ODN delivery.
